Nitrogenase, the enzyme which reduces dinitrogen to ammonium, is rapidly inactivated by oxygen (9) . Bacterial species which fix nitrogen either avoid oxygenic environments or have evolved respiratory or other means of protecting nitrogenase from exogenous oxygen, but many cyanobacterial species are capable of nitrogen fixation as well. The cyanobacteria, which evolve oxygen through photosynthesis, have several mechanisms for preventing oxygen inactivation of nitrogen fixation. The most common mechanisms for protection from oxygen inactivation in aerobic photosynthetic microorganisms are spatial and/or temporal separation of nitrogen fixation and photosynthesis (9, 10) . In heterocystous cyanobacteria, nitrogenase is synthesized and is most active within the heterocyst, in which the oxygenevolving photosystem II is inactive (12) . A few nonheterocystous cyanobacteria and unicellular species perform nitrogen fixation in microaerobic environments or primarily during the night, when oxygenic photosynthesis ceases (10). Trichodesmium spp., which are filamentous, nonheterocystous nitrogen-fixing cyanobacteria, display none of these characteristics and have remained an enigma since the early reports of nitrogen fixation in natural Trichodesmium populations (7). These cyanobacteria not only have the capability of fixing nitrogen during daylight hours but will fix nitrogen only in the light while photosynthetically active (4, 5, 22) .
Heterologous DNA probes have been used to identify and map the nif genes in numerous microorganisms, including cyanobacteria (1, 2, 8, 14-16, 21, 23) . In general, the results of these studies show that bacteria, unicellular cyanobacteria, and filamentous nonheterocystous cyanobacteria have a contiguous nilfHDK operon (1, 14, 21) . In contrast, the structural nif operon of most heterocystous species is interrupted by a large transposon, which is removed during the development of the heterocyst (11, 13 (25) . Therefore, the findings of this study should apply to natural populations of Trichodesmium spp.
Trichodesmium sp. strain NIBB 1067 DNA was previously found to be A-T rich (68% AT) and highly methylated at adenine positions (26) , which limited the number of restriction enzymes which could be used to map the nitrogenase genes from genomic DNA. All hybridizations identified a single band from digests of Trichodesmium DNA with the restriction endonucleases DraI, HindIII, HinPI, TaqI, and Sau3AI (Fig. 1) . Multiple bands for nifH have been observed in other cyanobacterial species (16, 21) , but there is evidence of only one copy of nifH in Trichodesmium sp. strain NIBB 1067.
The entire structural nif gene operon, determined by the smallest number of overlapping fragments hybridizing to the nifH, -D, and -K probes, was about 4 kbp ( Fig. 1 and 2 ). No single DNA fragment hybridized to all three probes ( Fig. 1  and 2) . A large HinPI fragment (4.9 kbp) hybridized to both nifD and -K, with overlapping DraI and TaqI fragments hybridizing to nifH (Fig. 1 probes. Trichodesmium genomic DNA was digested overnight (37°C) with restriction enzymes (New England Biolabs, Inc.) by using a universal buffer (10 mM Tris, 66 mM potassium acetate, 10 mM magnesium acetate, 0.02% Triton X-100, pH 7.6). The digested DNA was then separated on 0.8% agarose gels, transferred to nylon (Hybond-N+; Amersham, Arlington Heights, Ill.), and bound to the damp nylon membrane by using UV illumination (Stratalinker; Stratagene, La Jolla, Calif.). Cloned fragments of the nif genes from Anabaena sp. strain PCC 7120 were used to probe the Trichodesmium DNA Southern blots. The nif probes were obtained from plasmids pAN154.3 (nifB), pAN256.1 (nifD), pAN207.65 (fragment of insert between niflD and nifK) and pAN207.8 (nifK). The probe fragments were isolated from agarose gels and labeled by using high specific activity [32P]dCTP and a random primer labeling kit (Pharmacia LKB, Piscataway, N.J.). The blots were hybridized overnight at 65°C (55°C for the probe from pAN207.65). Lanes: 1, DraI; 2, HindIII; 3, HinPI; 4, TaqI; 5, Sau3AI; 6, DraI and HindIII; 7, DraI and HinPI; 8, DraI and TaqI; 9, HindIII and HinPI; 10, HindIII and TaqI; 11, HinPI and TaqI. Cultures were grown under nitrogen-fixing conditions.
Single and double digests of genomic DNA with the restriction enzymes HindIll and HinPI gave the same hybridization pattern with the nifH, -D, and -K probes when the DNA was isolated from cultures grown on inorganic nitrogen, as when isolated from cultures grown under nitrogen-fixing conditions (Fig. 1, lanes 2, 3, and 9 , and Fig. 2,  lanes 1, 2, and 3 ). Under these conditions, a minimum number of nitrogen-fixing cells would be expected, yet the same banding pattern was obtained (Fig. 2) Fig. 1 ).
cultures grown with combined inorganic nitrogen (data not shown).
The resolution of the restriction map does not allow a precise determination of the size of the genes, so the deduced length of the encoded peptides cannot be predicted. The Trichodesmium sp. Fe protein has been reported to be larger than the Fe protein from other microorganisms (about 40 kDa [19] ), as has the Oscillatoria limosa Fe protein (24) . It is not possible to determine from the restriction map whether the Fe protein is actually 2 to 5 kDa larger (a 5-kDa difference results from only 135 bp), partially because the HinPI fragment is internal to all others and cannot be precisely located. The Fe protein size will have to be determined from the DNA sequence of the nifH gene.
The enzymes used for restriction mapping, TaqI (TAGC), HinPI (GTAC), and Sau3AI, would be expected to cut more often (every 386 bp) than the 0.4-to 4-kbp range found within the nifgenes. The enzyme Sau3AI (GATC), which cuts both methylated and unmethylated sites, digested the DNA within the nif region to about 150 bp with nifH and about 1.6 and 1.1 kbp in nifD and -K, respectively. All of the Sau3AI sites within the coding region were methylated, since digestion with DpnI (GmATC), which cuts only DNA methylated at adenine, generated the same-size hybridizing bands as Sau3AI. The recognition site(s) of the methylase(s) is not known, but it is believed to be a degenerate recognition site (26) . Therefore, the methylation site could overlap with recognition sites of the some of the enzymes used to map the nif genes in Trichodesmium spp., such as TaqI or HinPI. This would explain the size of the hybridizing fragments with restriction enzymes that have four-base recognition sequences. The presence of additional protected sites will be determined by mapping of the cloned nif genes from Tri- The Trichodesmium nifoperon is very similar in size to the Anabaena nif operon mapped from heterocyst cells (Fig. 3) and to nif genes mapped from other filamentous nonheterocystous cyanobacteria. The nifi, -D, and -K genes are contiguous as found so far in most nonheterocystous cyanobacteria (1, 8, 14, 23) . The insert in Anabaena spp. is located essentially between nifD and nifK (actually within nifD). If a similar insert were present in Trichodesmium spp., the Anabaena nijD and nifK probes would not hybridize to the same 4.9-kbp HinPI fragment. Therefore, there is no gene rearrangement similar to the one in Anabaena sp. strain PCC 7120 that occurs under nitrogen-fixing conditions, although other smaller rearrangements cannot be discounted.
Fifteen years ago it was hypothesized that the nitrogenase activity in Trichodesmium spp. was restricted to the centers of bundles (6) . The results of some studies suggested that the cells in the interiors of bundles had lower concentrations of pigments and did not fix CO2 (4, 6) . However, more recent studies challenge this idea (3) . Perhaps the strongest evidence that the bundle morphology is not the mechanism whereby Trichodesmium spp. avoid inactivation of nitrogenase by oxygen is derived from the culture of Trichodesmium sp. strain NIBB 1067 (18) . In this culture, the cyanobacterium grows primarily as individual trichomes, developing bundles only as the culture approaches stationary phase (18) . Nitrogen fixation is strictly light dependent, and rates are highest when the culture is in log growth phase and the culture is growing essentially as individual filaments (18) . Clues to the ability of Trichodesmium spp. to simultaneously fix nitrogen and evolve oxygen must be either in the structure and properties of the nitrogenase proteins themselves or in biochemical processes at the cellular level which remove oxygen or prevent its reaction with nitrogenase. This study has shown that the structure of the nifHDK operon is similar to that in other nonheterocystous cyanobacteria. Therefore, we will have to look elsewhere for the mechanisms which allow this cyanobacterium to simultaneously fix nitrogen and evolve oxygen.
